Central nervous system Langerhans cell histiocytosis (CNS-LCH) brain involvement may include mass lesions and/or a neurodegenerative disease (LCH-ND) of unknown etiology. The goal of this study was to define the mechanisms of pathogenesis that drive CNS-LCH. METHODS: Cerebrospinal fluid (CSF) biomarkers including CSF proteins and extracellular BRAFV600E DNA were analyzed in CSF from patients with CNS-LCH lesions compared with patients with brain tumors and other neurodegenerative conditions. Additionally, the presence of BRAFV600E was tested in peripheral mononuclear blood cells (PBMCs) as well as brain biopsies from LCH-ND patients, and the response to BRAF-V600E inhibitor was evaluated in 4 patients with progressive disease. RESULTS: Osteopontin was the only consistently elevated CSF protein in patients with CNS-LCH compared with patients with other brain pathologies. BRAFV600E DNA was detected in CSF of only 2/20 (10%) cases, both with LCH-ND and active lesions outside the CNS. However, BRAFV600E
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1 PBMCs were detected with significantly higher frequency at all stages of therapy in LCH patients who 1 myeloid dendritic cells among an inflammatory infiltrate, 1 and somatic BRAFV600E mutations are identified in approximately 60% of all LCH lesions, 2 with activating MAPK pathway mutations identified in almost all cases. 3 Central nervous system manifestations of LCH (CNS-LCH) can include granulomatous parenchymal or pituitary mass lesions in approximately 25% of patients or a neurodegenerative disease (LCH-ND) in approximately 5% of patients. [4] [5] [6] [7] LCH-ND is a syndrome of progressive, often lethal neurodegeneration of unknown etiology that may arise decades after LCH is presumed to be cured. [7] [8] [9] [10] [11] [12] The mechanisms of pathogenesis of LCH-ND remain undefined, but it has been speculated to arise as an autoimmune phenomenon due to the observed presence of infiltrating T cells and lack of characteristic LCH CD1a 1 /CD207 1 dendritic cells. 8, 13, 14 The syndrome is identified radiologically by T2 and FLAIR intense lesions in the cerebellum (peduncles, dentate nuclei), basal ganglia, and/or brainstem. 15, 16 Symptoms include progressive tremors, ataxia, dysarthria, dysmetria, learning disabilities, and behavioral abnormalities. 7 No standard therapy exists, but common practices include observation, immune suppression, and chemotherapy. [17] [18] [19] [20] The goal of this study was to perform a comprehensive and unbiased evaluation of biomarkers in patients with CNS-LCH to develop clinical tools to differentiate LCH from other neuropathological conditions, identify patients with LCH at risk for developing LCH-associated neurodegeneration, and define the mechanisms of pathogenesis to identify improved therapeutic strategies.
METHODS

Patients and Samples
This study was performed under protocols approved by the Baylor College of Medicine Institutional Review Board. Tissue specimens and clinical data were collected from subjects who had enrolled in an institutional biology study that ran from 2006 to 2016. All subjects and specimens meeting specified criteria were included in this study.
Inclusion of cerebrospinal fluid (CSF) in this study in the LCH group required biopsy-proven LCH from any site with evidence of CNS-LCH (ie, parenchymal mass lesion, pituitary mass lesion, and/or LCH-ND). CSF specimens were obtained from patients who had a lumbar puncture performed for clinical indications. LCH-ND was defined by characteristic magnetic resonance imaging (MRI) findings and/or neurologic changes in patients with a history of biopsy-proven LCH. Control cases were obtained from archived specimens. CSF from patients with acute lymphoblastic leukemia (ALL) in remission without a history of CNS leukemia were included as noninflammatory controls. Similarly, archived CSF from children with active brain tumors (BTs), subjects with progressive neurodegenerative diseases (ND) other than LCH, and children with active untreated hemophagocytic lymphohistiocytosis (HLH) were used to control for general CSF responses to mass lesions, neurodegeneration, and hyperinflammation, respectively. Peripheral blood mononuclear cells (PMBCs) from all LCH subjects with available tissue were included in the peripheral mononuclear blood cell (PBMC) analyses, with the exception of subjects with isolated pituitary lesions. These were excluded from PBMC studies due to uncertainty of LCH disease activity at the time of blood sampling. Blood from LCH patients was obtained at various time points: pretherapy (prior to chemotherapy) and post-therapy (>3 months since last chemotherapy). Medical records were analyzed retrospectively to correlate disease status of tissue samples and to evaluate clinical responses to therapy. Detailed longitudinal clinical courses of all subjects in this cohort treated with BRAF-V600E inhibitor therapy (n 5 4) were reviewed. Patient and experimental details are summarized in Table 1 and Supporting Figure 1 .
Determination of CSF Protein Levels
CSF was collected, spun at 1000g for 5 minutes, then frozen and stored as 250-lL aliquots at 2808C. None of the CSF samples analyzed underwent more than 2 freeze/ thaw cycles. Protein levels were determined using MagPix instrument (Luminex, Austin, TX) with kits (Supporting Table 1 ). The concentration of each analyte was measured by comparing with the protein standards.
Quality Control of CSF Expression Data
A total of 185 patient samples were used in the CSF expression analysis. A logarithmic (base 2) transformation was applied to the sample concentrations before quality control. To control the quality of the Luminex data, box plots containing the log concentrations of all the analytes in each of the samples were inspected to identify potential outlier samples in the experiment. No samples were rejected based on these criteria. The assays were organized so that the relative proportion of each class of sample (eg, LCH, BT, ALL, ND) was preserved as much as possible from plate to plate to minimize batch effects from the Original Article The CSF samples were partitioned into training and validation cohorts with comparable clinical parameters before the biomarker analysis. A Pearson's chi-squared test was used to test whether the patient diagnosis/clinical parameters and the grouping of the samples were not significantly different from each other (P > .05). The resulting training and validation sets were then used to perform various class comparison analyses using analysis of variance. Biomarkers with false discovery proportion of 0.1 was considered significant. Post hoc pairwise analysis was performed with P < .01 considered significant. The class comparison analysis was run using the ALL controls, BT controls, and LCH samples as predefined classes in the training cohort. A univariate parametric F-test was used with a confidence level of false discovery rate assessment at 80% and the maximum allowed proportion of false-positive analytes at 0.1. Pairwise significance was then calculated for the significantly differentially expressed analytes to show the pairs of classes with significantly different analyte expression at a < 0.01. Analytes that exhibited pairwise significance and increased or decreased expression in LCH samples relative to both ALL and BT controls were considered biomarkers of interest. These significant analytes were then tested in the validation cohort using a similar statistical procedure. The significant analytes identified in the validation cohort were reported (false discovery rate 5 0.1) To ensure that the validated biomarkers were not due to a specific partitioning of the data, the samples in the training and validation sets were shuffled and regrouped 5 times. After each repartition, a Pearson's chi-squared test was applied to ensure that no statistically significant biases were observed between the groupings and the clinical characteristics. The class comparison analysis was then performed again to identify validated biomarkers as described above. The percentage of cross-validation was calculated for each significant biomarker to ensure that they were also differentially expressed in other repartition datasets.
To determine whether the biomarkers discovered were due to general inflammatory responses, a class comparison analysis was performed after the initial analysis using samples with LCH and HLH controls as predefined classes using similar statistical parameters (ie, confidence level of false discovery rate assessment at 80% and the maximum allowed proportion of false-positive analytes at 0.1). Because of the number of available HLH control samples, the analysis was performed on all available samples. Lastly, unpaired t tests or F tests were used to compare osteopontin (OPN) and S100 calciumbinding protein B (S100B) in comparison with 2 or more sample groups (P < .05).
BRAFV600E Assay From PBMC and CSF
This quantitative polymerase chain reaction (qPCR) assay was performed with PBMC as described previously, 1 with modifications for extracellular CSF DNA as detailed in the Supporting Methods. Fisher exact tests were performed to determine the significance of the detectable BRAFV600E in PBMC in various clinical groups, with P < .05 considered significant.
Evaluation of Clinical and Radiologic Responses to Therapy
The clinical courses of patients with LCH-ND with CSF and/or blood specimens in this study were reviewed. The clinical severity of neurodegeneration was evaluated using the ataxia rating scale. 21 Radiographic ND was clinically defined by clinical MRI reports noting characteristic T2-FLAIR hyperintensity and were verified with central review. Staging and response to therapy of lesions outside the CNS were defined according to the Histiocyte Society's LCH treatment guidelines. 22 For subjects treated with BRAF-V600E inhibitors, significant clinical events, systemic disease activity, therapy (dose/schedule), changes in therapy, suspected toxicities, concurrent medications, responses of systemic lesions, radiologic responses of LCH-ND, and clinical responses (ataxia rating score) were obtained by chart review.
RESULTS
CSF Biomarker Analysis in CNS-LCH
OPN and S100B are candidate CSF biomarkers for LCH To identify disease-specific CSF biomarkers in LCH, protein levels of 121 unique proteins associated with inflammation and/or neurodegeneration were assessed in CSF samples from 40 patients with CNS-LCH (12 CNS-LCH mass lesions only, 18 CNS-LCH mass lesions and LCH-ND, 10 LCH-ND only), 29 patients with ALL in remission and without CNS disease, and 25 patients with pediatric BTs (Table 1) . The ALL samples were used to represent a noninflammatory control.
Of the analytes, only OPN was significantly increased in all LCH CSF samples when compared with BT and ALL controls. In contrast, S100B was significantly decreased in LCH CSF compared with BT controls, while there was no significant difference between S100B concentrations in CSF between the LCH and the ALL-control groups (P < .05) (Fig. 1A ,B, Supporting Table 2A ). To ensure that these biomarkers were not due to biased partitioning of the data, the sample grouping was shuffled using similar selection criteria to create new training and validation sets. The repartitioning analysis demonstrated similar results with significantly increased OPN in the LCH group relative to the BT and ALL control groups and decreased S100B in the LCH and ALL control groups relative to the BT group, with an 80% coefficient of variation in 5 iterations for both comparisons.
OPN is elevated in LCH relative to HLH, a hyperinflammatory control
To identify the CSF proteins in LCH that are associated with general inflammatory responses, we performed a class comparison between the CSF samples from all patients with LCH and HLH (n 5 9), a disease defined by extreme pathologic inflammation. 23 Despite the increased concentration of other inflammatory proteins in HLH compared with LCH, OPN was significantly increased in the CSF of LCH patients compared with HLH (P < .05) (Fig. 1C, Supporting Table 2B ).
OPN is elevated and S100B is decreased in LCH CNS tumors compared with other brain tumors
We then specifically tested whether OPN and S100B concentrations could distinguish the LCH cases with LCH-CNS mass lesions without LCH-ND from the BT controls. Similar to the LCH group-wide analysis, OPN was significantly increased, whereas S100B was significantly decreased in the LCH CNS mass lesion CSF cases compared with BT CSF (P < .05) (Fig. 1D , Supporting Table 2C ).
OPN is significantly elevated in LCH-ND versus non-LCH ND CSF
The ability of the 2 biomarkers to differentiate LCH-ND from other neurodegenerative diseases was also tested. OPN was significantly increased, whereas S100B was significantly decreased in LCH-ND relative to the ND control group (n 5 38) (Fig. 1E, Supporting Table 2D ). Notably, OPN was also significantly elevated in CSF of patients with LCH-ND compared with patients with LCH-CNS mass lesions without ND (Fig. 1F) .
LCH-ND is not associated with increased CSF GFAP or tau
In contrast to a previous report, CSF concentrations of GFAP, tau, and phospho-tau were not significantly increased in LCH-ND in this study compared with the ALL control or ND control groups. 24 We analyzed the concentration of GFAP and tau (total and phospho-tau) in a subset of LCH and ALL cases from this series. We found the concentrations of GFAP, total tau, and phospho-tau in CSF were not significantly different between all cases of LCH with CNS involvement (n 5 40 cases of LCH-ND, LCH-CNS mass, or both), control ND cases (n 5 4), and control ALL cases (n 5 22) (total tau, P 5 .81; phospho tau, P 5 .19; GFAP, P 5 .21). The volume required to perform these experiments limited the number of samples available for analysis, and insufficient sample was available to test NF-L.
OPN is highly expressed in both LCH-CNS mass lesions and LCH-ND In addition to the CSF level, we examined the relative cellular expression of OPN: Immunoblotting and immunohistochemistry were performed on representative LCH-CNS biopsies, confirming abundant OPN expression in both LCH-CNS mass lesions and LCH-ND tissue relative to brain tumor and control brain. RNA expression of SPP1 (encoding osteopontin) was also detected across LCH lesions including a pituitary biopsy and LCH-ND biopsy. Immuno-histochemical analysis detected OPN expression in histiocytes and lymphocytes from non-CNS-LCH lesions 25 and variable OPN expression in brain tumors. 26 In contrast, S100B protein expression was higher in representative BT biopsies than LCH lesions as detected by immunoblotting ( Fig. 2A-C) .
Limited detection of extracellular BRAFV600E in LCH CSF
BRAFV600E has been readily detected in extracellular DNA from plasma and urine in patients with active disease. 27 In this series, BRAFV600E was detectable by qPCR in CSF in only 2/20 cases (10%), both of whom had LCH-ND along with active lesions outside the CNS (Fig. 3) .
Detection of BRAFV600E in Peripheral Blood in Patients With LCH-ND
To identify potential origins of LCH-ND precursor cells, we tested PBMCs from LCH patients with BRAFV600E
1 lesions or with unknown mutation status. Whereas extracellular BRAFV600E was rarely detected in the CSF of patients with LCH-ND, PBMCs with BRAFV600E were frequently detected in all phases of therapy in patients who ultimately developed LCH-ND. In pre-therapy samples, PBMCs harboring the BRAFV600E mutation were identified in 59% (10/17) of patients who ultimately developed LCH-ND (3/9 with initial LCH limited to the CNS and 7/8 with active LCH beyond the CNS) versus 15% (21/139) of patients who did not develop LCH-ND. Detectable BRAFV600E in PBMCs was associated with risk of LCH-ND with a sensitivity of 0.59 and specificity of 0.86 (P < .0001) (Fig. 4A,E) . In post-therapy blood collected at a time of systemic LCH relapse, BRAFV600E was detected in the PBMCs of 43% (6/14) of patients who developed LCH-ND and 7% (2/28) of patients who did not develop LCH-ND (sensitivity, 0.43; specificity, 0.93; P 5 .0105) (Fig. 4B,F) . Most notably, in post-therapy PBMCs collected from patients with active LCH-ND without active systemic lesions, BRAFV600E was detected in 22% (8/36) versus 0% (0/22) of patients without active systemic LCH or LCH-ND (sensitivity, 0.22; specificity, 1; P 5 .0016) (Fig. 4C,G) . All of the post-therapy non-LCH-ND, nonactive LCH controls had previously proven BRAFV600E 1 lesions. The BRAFV600E allele was detected in PBMC from patients with LCH-ND in multiple myeloid lineages, as well as in lymphoid cells in some cases (Supporting Table 3 ). As a control, BRAFV600E mutation was not detected in pre-therapy PBMCs of 5 patients with active BRAFV600E 1 glioblastoma, nor in PBMC of 53 patients with BRAF wild-type LCH lesions (Fig. 4D) . In 3 patients with extensive and progressive LCH-ND, brain biopsy or autopsy was performed. Immunohistochemistry identified perivascular cells concentrated in the white matter that stained with the VE-1 antibody that reacts with the BRAF-V600E protein in 2 diagnostic biopsies: 1 rapidly progressive new-onset LCH-ND (with BRAFV600E
1 cells estimated at 7% by qPCR) and 1 long-standing LCH-ND (insufficient DNA for qPCR) ( Fig. 2A,C) . In an autopsy specimen from a third patient who died from progressive LCH-ND, qPCR identified enrichment of BRAFV600E 1 cells in brainstem (13% of cells), including the pons (8%) and cerebellum (5%), with aggregates of perivascular VE-1 1 cells in areas of active demyelination. Areas enriched for BRAFV600E 1 cells also corresponded to characteristic areas of T2 hyperintensity illustrated in a brain MRI from the same patient (Fig. 2D,E) . Expression of OPN was significantly increased in the LCH-ND brain biopsies samples compared with control brain, and regional expression of SPP1 (encoding OPN) correlated with increased BRAFV600E expression in the brain autopsy sections in the third patient (Fig. 2C) . Whereas VE1 1 cells were consistently identified in CNS-LCH mass lesion and LCH-ND cases from patients with BRAFV600E mutations, CD207 expression was decreased to absent in these CNS-LCH biopsies compared with typical CD207
1 LCH lesions outside the CNS (Fig. 2A,C) .
More extensive analysis of the whole brain formalin fixed paraffin embedded autopsy sections identified significant gliosis and active demyelination in the white matter of the most heavily affected regions with plump VE1 
CD33
1 CD163 1 (hematopoietic myeloid/monocytic) cells in and around blood vessels with regional expression of MCP-1 (chemotaxis factor for myeloid cells). By contrast, P2RY12 (resident tissue microglia) staining was limited to physiologic microglia in the surrounding parenchyma but were relatively devoid within the VE1 1 perivascular myeloid clusters (Fig. 5) . CD207 staining was negative in the sections enriched with VE1
1 cells (not shown).
Clinical and Radiologic Responses in Patients With LCH-ND to Chemotherapy and BRAFV600E Inhibition
Patients with LCH-ND in this series were treated with a variety of therapies, with clinical improvement in some patients receiving cytotoxic chemotherapy, including cytarabine or clofarabine. BRAFV600E in PBMC became undetectable in many patients after treatment with myelotoxic chemotherapy (Supporting Figure 2) , Fig. 6 ). Four patients with clinical deterioration despite chemotherapy were treated with BRAF inhibitors. In 3 patients, 1 with early-onset LCH-ND and 2 with symptoms >2 years, MRI changes and clinical status (measured by ataxia rating score) initially improved with BRAF-V600E inhibition (vemurafenib or dabrafenib). The first patient achieved complete clinical response after 16 months on therapy. The second patient had continued improvement (partial clinical response) after 21 months on therapy. The third patient had initial improvement (partial clinical response), then experienced episodes of deterioration and improvement. A fourth patient with more than a decade of progressive LCH-ND and severe neurologic impairments who received vemurafenib for 2 months before stopping due to rash and arthralgias, followed by dabrafenib (for 9 months) and dabrafenib/trametinib (for 4 months), continued to have progressive clinical neurological deficits with stable brain MRI (Fig. 6 , Supporting Tables 4A-D) .
DISCUSSION
OPN in CNS-LCH Disease
In this series, OPN levels in CSF differentiated patients with LCH-CNS mass lesions and LCH-ND from other CNS neoplastic and inflammatory conditions. Among LCH-CNS patients, OPN levels in CSF were higher in those with LCH-ND than in those with LCH-CNS mass lesions without LCH-ND. SPP1 expression was highly elevated in tissue brain biopsies from patients with LCH-ND and correlated with regions of enriched BRAFV600E 1 cells, consistent with previous observations that SPP1 is one of the most highly up-regulated genes in non-CNS-LCH lesions. 25 OPN has several roles on immune regulation and is produced by activated T helper 1 cells as well as dendritic cells. 28, 29 Increased concentrations of OPN have been described in the CSF, plasma, and brain tissue of patients with several other NDs. 30 In multiple sclerosis, CSF OPN levels correlate with disease activity. 31, 32 The severity of disease in mouse models of multiple sclerosis is attenuated with targeted disruption of SPP1, which results in decreased migration of activated T cells to the brain. 33 OPN may therefore represent a novel biomarker and possible therapeutic target for CNS-LCH.
Hematopoietic Cell of Origin in LCH-ND
We have previously identified PBMC and myeloid dendritic cell precursors harboring the BRAFV600E mutation in patients with HR LCH lesions, but not in patients with isolated LR LCH lesions with the BRAFV600E mutation. 34 We therefore investigated the presence of BRAFV600E 1 precursor cells in circulation in LCH-ND patients and identified a significantly higher frequency of BRAFV600E 1 PBMCs at all stages of therapy in patients who went on to develop LCH-ND compared with those who did not. Additionally, we identified BRAFV600E 1 cells in brain parenchyma of patients with LCH-ND, with regional enrichment in brainstem and cerebellum, areas typically noted to have characteristic hyperintensity on MRI, along with expression of BRAF-V600E in areas of active demyelination. Inability to detect BRAFV600E in PBMC in some subjects with LCH-ND may occur due to elimination of the circulating clone by myelotoxic chemotherapy and/or restriction to brain tissue. Some patients may also have alternative mutations, though 14/ 15 (93%) of the LCH-ND patients in this study with proven genotype had BRAFV600E 1 peripheral LCH lesions, with similar frequency reported by Heritier et al 35 Notably, 1 patient continued to have relatively high levels of BRAFV600E
1 PBMC 16 months after starting BRAF-V600E inhibitor therapy despite achieving nearly normal clinical symptoms and normalized MRI (Fig. 6 , Supporting Table 4A ). BRAF-V600E inhibition may therefore block effects of MAPK hyperactivation without elimination of the pathogenic clone.
Earlier studies demonstrating biopsies with infiltrating CD81 T cells without CD2071 histiocytes interpreted LCH-ND to represent an autoimmune or paraneoplastic phenomenon. 8, 36 However, data from this study suggest this process is mediated through migration of BRAFV600E 1 (or other activating mutation) Figure 5 . hematopoietic precursors to specific regions of the brain via perivascular accumulation and parenchymal infiltration. The activated BRAFV600E 1 myeloid/monocytic cells are associated with regional parenchymal white matter injury, gliosis and demyelination and a leukoencephalopathic pattern of neurodegeneration along with infiltrating lymphocytes as described previously. 8, 13, 14, 37 Common origins of monocyte-derived inflammatory microglia and myeloid dendritic cells indicate the potential for aberrant differentiation of myeloid precursors driven by activated ERK to result in neuropathology in LCH-ND. 38, 39 Microglia are resident myeloid cells of the CNS that may arise from yolk sac during gestation or from infiltrating mononuclear cells that can mediate innate and adaptive immune responses. Myeloid markers CD14, CD33, and CD163 are expressed on hematopoietic myeloid and monocytic cells. P2RY12 is a specific resident microglial marker, 40 unlike CD68, a pan-lysosomal marker, which can be expressed on a wide range of cell types including both activated microglia and hematopoietic myeloid/monocytic cells. The expression of CD14/ CD33/CD163 and lack of P2RY12 expression on VE1 1 aggregates and perivascular cells in areas of active demyelination in a patient with progressive LCH-ND is consistent with a hematopoietic origin for these cells. An alternative hypothesis that has been raised could be that LCH-ND arises from fetal yolk sac progenitors. 39 However, the typical timing of LCH-ND following LCH lesions at other sites, presence of BRAFV600E 1 PBMC in patients with LCH-ND, but not in patients without LCH-ND or other active lesions, and perivascular concentration of BRAF-V600E 1 cells with myeloid/monocyte phenotype strongly support a hematopoietic origin for LCH-ND-associated infiltrating myeloid cells. We therefore propose a model in which a hematopoietic clone causing the original LCH lesions may persist (or reemerge) after presumed cure and serve as a reservoir for future LCH-ND further explaining the lack of CD207 1 cells in such foci. Although we interpret the results of this study to be consistent with hematopoietic origin, it remains possible that yolk sac-derived resident microglia with activating MAPK pathway gene mutations may also play a role in neurodegeneration in some patients with histiocytic disorders. 39 The LCH-ND patients in this study represent a historically large cohort for this rare condition. Due to realtime enrollment, subjects presented at various stages of disease progression and treatment course. Lineage analysis of the BRAFV600E 1 cells in circulation may be affected by previous treatment with myeloablative chemotherapy.
However, the wide range of lineages harboring the BRAFV600E mutation is consistent with patients with LCH-ND acquiring the mutation at an early hematopoietic precursor stage. Prospective collection of blood samples on all LCH patients treated on clinical trials may be helpful to precisely identify which lineages of cells with BRAFV600E (or alternative MAPK pathway mutations) are associated with subsequent development of LCH-ND.
Clinical Implications of a Hematopoietic Clone With MAPK Pathway Activation in LCH-ND: Surveillance and Therapy
Our data support a model of LCH-ND not as a reactive autoimmune or paraneoplastic process, but rather an active neurodegenerative process driven by common BRAFV600E 1 myeloid precursors that are shared with systemic LCH lesion CD207 1 cells. Elevated OPN in CSF likely results from pathologic ERK activation of these infiltrating myelomonocytic cells that drive neurodegeneration (or from LCH lesion dendritic cells in the case of CNS mass lesions). Therefore, clinical strategies for patients with LCH-ND should 1) investigate for the presence of BRAFV600E (or other LCH lesion mutations) in PBMCs and elevated OPN levels in CSF and 2) design therapy protocols to selectively eliminate LCH-ND precursors and/or impair the function of infiltrating mutated monocytes. Current strategies to identify the development of LCH-ND are inconsistent and imprecise, typically involving periodic MRI and clinical examinations of variable frequency driven by local practice preference. Objective measures of disease activity would greatly support diagnosis and evaluation of response to therapy for patients with LCH-ND, for whom early treatment is critical for therapeutic response. 17 In this study, all patients with BRAFV600E
1 PBMCs developed LCH-ND despite not having active LCH lesions after initial therapy, suggesting that the mutation in PBMCs is a very specific means of detecting risk of LCH-ND. However, sensitivity of BRAFV600E 1 PBMCs for LCH-ND in heavily pretreated patients without active lesions was only 22%, realizing that chemotherapy has the potential to clear BRAFV600E
1 PBMCs from circulation in these patients. By comparison, the sensitivity of BRAFV600E
1 PBMCs from pre-therapy patients at risk of ultimately developing LCH-ND in this series was 59% (with uncertain lesion genotype in most of these cases).
Therapies aimed at controlling inflammation may improve symptoms but may not achieve cure if LCH-ND myeloid precursors persist in circulation. In this series, moderate doses of cytarabine or clofarabine were associated with elimination of BRAFV600E 1 PBMCs and clinical improvement in some patients. In 3 out of 4 severe cases of LCH-ND that progressed despite chemotherapy, BRAF-V600E inhibition was associated with improved clinical and radiologic status. In patients with long-standing disease, the potential benefit of chemotherapy or targeted MAPK inhibition is less certain. Early detection of LCH-ND and initiation of therapy is therefore critical to prevent irreversible brain injury. Future studies including lesion genotype and prospective serial CSF and blood analysis will be helpful to validate the clinical utility of elevated CSF OPN and BRAFV600E 
